The problem of wind-induced flow in inland waters is drawing significant research attention given its relevance to a plethora of applications in wetlands including treatment designs, pollution reduction, and biogeochemical cycling. The present work addresses the role of wind induced turbulence and waves within an otherwise static water body in the presence of rigid and flexible emergent vegetation through flume experimentation and time series analysis. Because no prior example of Particle Imaging Velocimetry (PIV) experiments involving air-water and flexible oscillating components have been found in the literature, a spectral analysis framework is needed and proposed here to guide the analysis involving noise, wave and turbulence separation. The experiments reveal that wave and turbulence effects are simultaneously produced at the air-water interface and the nature of their coexistence is found to vary with different flow parameters including water level, mean wind speed, vegetation density and its flexibility. For deep water levels, signature of fine-scaled inertial turbulence is found at deeper layers of the water system. The wave action appears stronger close to the air-water interface and damped by the turbulence deeper inside the water system. As expected, wave action is found to be dominated in a certain frequency range driven by the wind forcing, while it is also diffused to lower frequencies by means of (windinduced) oscillations in vegetation. Regarding the mean water velocity, existence of a counter-current flow and its switching to fully forward flow in the direction of the wind under certain combinations of flow parameters were studied. The relative importance of wave and turbulence to the overall energy, degree of anisotropy in the turbulent energy components, and turbulent momentum transport at different depths from the air-water interface and flow combinations were then quantified. The flume experiments reported here differ from previous laboratory studies in the related literature involving vegetation in the sense that the wave forcing is only present on the water surface contrary to a full-body excitation by tidal wave simulators and thus important in advancing the knowledge regarding a wider range of water resource problems.
Introduction
The monetary value and multiple ecosystem services provided by static water bodies such as wetlands and marshes are rarely disputed [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] ; however, characterization of the flow field, needed in all such ecosystem valuation, remains the subject of active research. Operational models for water flow in wetlands commonly assume the flow to be analogous to a wide and shallow open channel described by the so-called Saint-Venant equations that are then mathematically closed for the energy losses using a Manningtype formula with an associated friction factor as recently reviewed elsewhere [15] . Because the flow depth in wetlands is shallow, wind effects can be sufficiently large so as to induce flow even in the absence of any bed slope. These wind effects on the flow have traditionally been lumped into changes in the friction factor, with little theoretical or experimental underpinning, which is the main motivation for this work. By no means this is a unique criticism to such an operational framework. Another common criticism is the lack of explicit inclusion of the effects of vegetation on both -bulk and turbulent flow quantities needed for the purposes here. Such vegetation characterization on the bulk flow has often been directed to drag or flow resistance estimation for unidirectional flow but in the absence of wind [9, 10, [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . A number of studies have also been concerned with detailed description of turbulent processes needed in modeling movement of particulate matter inside aquatic vegetation, characterization of dispersion, and lateral diffusion [27] [28] [29] [30] [31] [32] . In unidirectional flow through a vegetation canopy, the shear layer on top of a canopy generates canopy scale turbulence that is pushed down to the canopy displacement length [10, 33] . At the bottom of the canopy, turbulence is generated by stem scale wakes [10, 33] . In dense canopies, the intensity of turbulence is reduced by sheltering [34, 35] , which plays a positive role in sediment retention and prevention of bed erosion [8, [36] [37] [38] [39] [40] [41] [42] [43] [44] . However, all these experiments did not consider the problem of wind-induced flow within emergent aquatic vegetation, the main compass of this work.
Any wetland or channel featuring aquatic vegetation is naturally subjected to wind flow and wind-generated waves that can influence the flow-field inside the water body, which is further complicated by the presence of emergent vegetation also subjected to the wind and consequent oscillation depending upon their flexibility. In the absence of vegetation, the problem of wind blowing over a water surface is not particularly new and has a long history [45, 46] . Wind flowing over a static water body such as a lake or reservoir (as in the original work of Charnock) is the main source of mechanical energy for turbulent mixing inside the water body. The wind flowing over the water surface causes a drift current in the direction it blows thus perturbing the water surface, which is called wind set-up [47, 48] . This local pressure gradient generated due to the 'tilt of the surface' [48] creates a reversed flow at the bottom of the water body, as well as ensuring mass continuity in a vertical plane. Here, the difference of the physical process governing the propagation of gravity waves and the wind set-up should be noted. Gravity wave is a self sustained process initiated out of an initial perturbation before the wave is damped. Whereas the wind set-up is continuously sustained by air motion, which injects energy into the water and applies shear stress on the surface. Studies have reported experimental investigation of wind induced water currents, focusing on both the surface motion and the counter-current flow but without vegetation [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . Some studies have discussed a simple analytical model of wind set-up by constructing one, two and three dimensional models and engineering models for wind induced counter-current flow but without any vegetation [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] . The role of waves in vegetated system has been considered, but in these cases, the entire wave was imposed on the vegetation primarily to mimic tidal systems so as to study wave attenuation, equivalent bed roughness and friction factor inside aquatic vegetation canopy under wave forcing [5, [72] [73] [74] [75] [76] [77] [78] [79] . Others have also discussed the nature of the flow field inside a flexible aquatic vegetation under the action of wave forcing by means of laboratory experiments [6, 25, [80] [81] [82] [83] [84] and by modeling [85] [86] [87] . Flapping motion of the vegetation, a generic feature of many aquatic vegetation under oscillatory forcing like waves, also appears to enhance nutrient uptake [88] [89] [90] [91] 79] . On similar lines, a few studies have addressed the characterization of turbulent structures and detection of sweep-ejection cycles and traveling vortex induced synchronous progressive waving action on aquatic flexible vegetation called 'Monami' [92] [93] [94] [95] [96] [97] .
It is evident from this literature survey that progress has been made in understanding (i) the dynamics of wind-shear-water interaction without vegetation, and (ii) the flow dynamics in presence of flexible vegetation under wave forcing. Yet, all these previous studies in the second category have dealt with wave forcing generated by wave-makers, i.e., the whole water mass has been subjected to a wave forcing. Under this condition, some studies [81, 82, 90] have used linear wave theory to interpret their results -for example the decomposition of the instantaneous flow-field into phase averaged, coherent and turbulent components. Other studies examining counter-current flow without vegetation [58, 48] have analyzed their results without any regard to linear wave theory and employed parabolic mixing length models to close their turbulent stresses.
The present work related to wind induced flow in a water body falls in the middle of these two aforementioned approaches. The presence of oscillating flexible vegetation increases the complexity of the problem. No previous reference of this problem has been found in the literature where the emergent vegetation is subjected to a dynamic wind loading, while the wind applies a shear on the water simultaneously subjecting the whole system to a waveturbulent interaction. Hence, the first goal of the present work is to describe the onset and magnitude of wind-induced water flow in a standing water body in the presence of emergent vegetation with varying density and rigidity. To build a theoretical framework assisting future model development, a second goal is to delineate under what circumstances the wave and turbulence dominated regimes are separable so as to allow standard turbulence theory and standard linear wave theory to be applied at those decoupled regimes.
To address these goals and issues experimentally, Particle Imaging Velocimetry (PIV) experiments have been conducted in the laboratory to explore the characteristics of turbulence induced by wind shear on a static water body systematically for different water heights (h) and mean wind speeds (U a ) for each of the following scenarios: no vegetation, rigid sparse vegetation, rigid dense vegetation, flexible sparse vegetation and flexible dense vegetation. Analysis of the experimental data facilitates the understanding of the effects of h; U a , vegetation flexibility and vegetation density, all of which are external conditions needed in describing the flow-dynamics within the water body. Another important aspect of the present attempt is that no instance of PIV experiments of such a type involving flexible moving canopy and wind on water have been found in the literature although PIV experiments with rigid vegetation and moving water flow have been conducted in the past as reviewed elsewhere [98] . It is demonstrated in the present work that such a PIV experiment is possible indeed with proper handling and choice of materials and methods.
Experiment
The PIV experiments were conducted in the Fluid Mechanics workshop at the Institute of Hydroscience and Engineering (IIHR), The University of Iowa. The dimensions of the flume (of width 35 cm) can be found in panel (a) of Fig. 1 . The wind was generated by a fan (with three preset wind speed settings) mounted above the flume. For the experimental runs with the canopy, nylon cable ties (4 mm wide, 1 mm thick) 'planted' on a test bed were used as model vegetation. Two different vegetation densities, k d ¼ 0:39 for sparse and k d ¼ 1:04 for dense, were used. Full tie (or canopy) height h c ¼ 27:3 cm was used for flexible vegetation, while the same ties and same vegetation density cut to h c ¼ 7 cm represent the rigid vegetation (but h < h c in all experiments except the deepest water conditions for rigid cases). It is to be noted that the property of the nylon cable ties is such that when cut to a smaller length, they become quite rigid thus obviating the necessity to use other materials for stiff vegetation and reducing cost. Moreover, the rigid cases are submerged for deepest water conditions, however, they server the main purpose of applying drag for most part of the fluid, since the protrusion length does not matter in those cases. The k d was calculated as k d ¼ n w t h=s v , where n is number of cable ties, w t is the width of each tie, and s v is the test bed 'vegetated' area [98] . The h was used here in the estimation of k d instead of h c because the vegetation was emergent for all runs as earlier noted. The selection of an optimal k d is not trivial given that it is an optimization between maintaining realistic vegetation densities, as well as maintaining sufficient open area to allow particle imaging that can be challenging where the vegetation is flexible and oscillating. For the purpose of imaging, water was seeded with neutrally buoyant particles (spherical hollow glass spheres 110P8, Potters Industries) and illuminated with a laser light sheet passed through a thin (%1.5 mm) slit carved on the test bed. A high frequency camera (Motion Xtra NX4-S1 -Integrated Design Tools, Inc.) was used for imaging, and a sampling frequency of 30 Hz was used. Each run was recorded for 30 s allowing enough full cycles of oscillations by the vegetation -thus generating 900 images for every run. The PIV data analysis was conducted using the open source software PIVLab [99] . Images for the experimental set-up and the test bed are shown in panels (b) and (c) of Fig. 1 . The U a was measured using a standard hand held anemometer approximately at z a ¼ 5 cm above the water surface. The wave height was measured (although not synchronized with every experimental run) with a wave gauge (Kenek water level measuring system, servo type, SW-10.1). Wave frequencies (f w ) were obtained by Fast Fourier Transforming (FFT) the time evolution of the water surface and choosing the dominant peak frequency. The measurements were conducted midway of the test bed so that the waves are fully developed and representative of the wave condition. The wavelength (k w ) was measured from visual analysis of the images of the water surface and one mean value was used. The wave celerity (U w ) was determined by using U w ¼ f w k w . The wave amplitude (A w ) was measured from the average wave height collected in the water surface elevation data. The quantity A w =k w , called wave steepness factor, was then computed. The wind and wave conditions are listed in the Table 1: The wave steepness factor does not exceed 0.05 in nature [70] and the experimental condition here is well below that limit. Also, the U a range does not vary appreciably, though all of the three selected U a are sufficiently large to generate turbulence in the water system. As shown later, these differences in U a also generate different stresses at the water surface due to the presence of emergent vegetation. Three h values were used in the experiment and are designated as H1, H2 and H3 respectively, and for each h, three U a (and thus wave) conditions designated as W1, W2, and W3 were explored. Hence, different combinations of h and U a are designated as HiWj, where i ¼ 1; 2; 3 and j ¼ 1; 2; 3. For each of the 9 HiWj combinations, 5 vegetation configurations were studied as earlier noted: no vegetation, sparse rigid, sparse flexible, dense rigid, and dense flexible. The water height characteristics are listed in the Table 2 . The classification of water depth used here matches the experimental condition in [70] . The average wavelength is calculated based on linear wave theory according to the (implicit) formula [70] 
where T w ¼ 1=f w is the wave period and g is the gravitational acceleration. This computation (¼ 0:091 m) overestimates the visually calculated wavelength of 0.076 m by about 18%. Given the small domain, lateral boundaries of the flume, and wind speed generation method, it is instructive to assess whether the experiments here are representative of large water bodies. To do so, U a in the absence of vegetation was used in combination with Charnock's equation [45] to estimate the momentum roughness height (z o ) and subsequent A w as well as the momentum flux at the air-water interface. Charnock's equation, valid for large fetch in the absence of waves generated from distant storms (or swells) and for stationary and planar homogeneous air flow well above the viscous or wave-induced roughness sublayer, is given as
where j ¼ 0:4 is the Von K am an constant and A w ¼ a w u 2 Ã =g, with a w being a proportionality constant depending on wavelength and steepness of waves being generated [46] . at the air-water interface. The horizontally averaged PIV measurements of u Ã near the water-air interface varied from 0.4 to 2.5 Â10 À3 m s À1 across all points near the surface suggesting that the Charnock's equation for the air-side is a lower-limit on such momentum transfer. This underestimation by Charnock's equation is partly due to the proximity of the U a measurements near the surface and partly due to the fact that the Reynolds stress is not constant near the water surface and the fan does not generate a classical mean logarithmic velocity variation with height as assumed by Charnock's equation. To illustrate the first point, estimated A w and U a measured at z a ¼ 0:05 m are used to compute the Keulegan number (wave height to viscous length scale) that varied from 10 to 15 in all cases, which is quite low for the application of Charnock's equation. Ideally, Charnock's equation applies in situations where the Keulegan number exceeds 100. Hence, the use of the 'rough-formulation' for inferring u Ã from U a ðzÞ via Charnock's equation for z o is likely to be underestimated. Also, the fact that the stress is increasing in magnitude away from the interface (as discussed and shown later) suggests that the PIV measurements away from the interface may over estimate inter-facial values. Nevertheless, these calculations do suggest that the flume experiments 'mimic' key aspects of wind dynamics and inter-facial momentum transfer over large water bodies in nature despite the primitive wind generation mechanism and lateral edges of the flume.
Data analysis

General considerations
Processing of PIV images produces velocity time series (both for the horizontal u and vertical w components) at every grid point that populate the region of observation (imaged by the high frequency camera, approximately 15 Â 15 cm) except for those points obstructed for imaging by some moving element or the locations of the air region and test bed. These regions are blocked for the aid of image processing so that only the seeded fluid part of the image is analyzed. The grid size in the aforesaid observation window is 63 Â 63 grid points consistent for all experimental runs. An instantaneous velocity field is depicted in Fig. 2 for the purpose of visualization. Rolling motions and reverse flow can be observedproviding a snapshot of the rich dynamics under consideration. Summary statistics for any flow variable are constructed by first time averaging at a point then horizontally averaging time-averaged quantities across the camera window field to produce profiles treated as space-time averaged quantities as common in canopy flow studies [33, 100] . That is, instantaneous u and w at a point are first decomposed into a time-averaged and fluctuating components given as
where over-bar denotes a time-averaged quantity and primes denote fluctuating quantity from time averages. The local stress u 0 w 0 and the longitudinal (r u ¼ ffiffiffiffiffiffi u 02 p ) and vertical (r w ¼ ffiffiffiffiffiffiffi w 02 p ) intensities can be computed at every grid point as well. Again, horizontal or line averaging is then applied over all time-averaged points to yield profiles of space-time averaged quantities [33] . These space-time averaged profiles are presented as a function of normalized height z=h, where z is the distance from the flume bed. That is, z=h ¼ 0 is the channel bottom and z=h % 1 is the location of the mean air-water interface. For a given canopy configuration and U a , these space-time averaged profiles are presented as a function of z=h for the three h scenarios to emphasize the (significant) effects of water depth on these space-time averaged flow statistics. Because the flow field consists of simultaneous wave and turbulence effects, interpretation of the experimental data is subject to different choices. For example, a decomposition of the velocity data from a study of superimposed tidal flow and turbulence into a mean component (obtained by binning the data into different phases based on upward zero crossings and ensemble averaging the bins), a coherent wave component and turbulent fluctuations was suggested [81] . However, since no prior knowledge is available about the nature of the flow field for the present problem from the literature, a logical choice would be examining the spectra and cospectra of the co-existing wave and turbulence in the time series, which constitutes much of the material for this section. Indication of a near À5/3 power-law in the spectra can be treated as signature of fine-scaled turbulence presumed to be locally homogeneous and isotropic, while a flat spectrum would indicate unavoidable white noise. Any excitation close to the dominant wave frequency could indicate prevalence of wave dominance. Given that the noise content of PIV data can be high in such experimental configuration, identifying the noise component and removing it from the time series prior to any averaging (time and planar) becomes necessary.
In the spectral analysis here, S x ðf Þ refers to the one-sided spectrum at frequency f (in cycles per unit time or Hz) of an arbitrary zero-mean stationary stochastic process xðtÞ with variance
All spectra are first calculated at a grid point using Welch's averaged modified periodogram method with 4 sections and 50% overlap, and with each section windowed with a Hamming shape and the computed periodograms for each window are then averaged. These spectra are then horizontally averaged for each f to produce an ensemble S x ðf ; zÞ. A similar procedure was used for all co-spectral calculations S uw ðf Þ, where u 0 w 0 ¼ R 1 0 S uw ðf Þdf . For certain illustrations, the space-time averagesreferred to as ensemble S u ðf ; zÞ; S w ðf ; zÞ, and S uw ðf ; zÞ are compared at three typical z=h labeled as top (z=h ¼ 0:9), middle (z=h ¼ 0:5) and bottom (z=h ¼ 0:1), respectively. Spectra and co-spectra for the no vegetation scenario (as reference case) and the flexible dense scenario are shown in Figs. 3 and 4, respectively. Panels (a), (d) and (g) present S u ðf ; zÞ, panels (b), (e) and (h) present S w ðf ; zÞ, and panels (c), (f) and (i) present S uw ðf ; zÞ at the three z=h previously mentioned (top, middle, and bottom), respectively. In every panel, the spectra and co-spectra are plotted for all three h cases -H1 (deep), H2 (intermediate) and H3 (shallow) to emphasize the role of h at a given z=h. Only the highest U a (i.e. W3) is used for all these cases for the purpose of demonstration (and these cases are labeled as H1W3, H2W3, H3W3 in the figure legends). The À5/3 power-law is also presented in the panels featuring the S u ðf ; zÞ and S w ðf ; zÞ spectra to identify possible signatures of inertial subrange turbulence (if any). The following observations can be made from Figs. 3 and 4:
For the no vegetation scenario (in Fig. 3 ), the shallowest spectra (i.e. those associated with H3W3) do not follow the À5/3 power-law at any z=h, although this data appear to be contaminated by a large noise component. The deep h case (i.e. H1W3) is also 'noisy' for large z=h, but shows the signatures of persistent turbulent structures with decreasing z=h -nearly following a À5/3 power-law scaling at the middle and bottom z=h. The behavior of the intermediate h case (i.e. H2W3) falls between the deep and shallow h scenarios. This intermediate h case also displays the existence of an inertial sub-range in the middle and bottom z=h levels. Possible explanation for this behavior is that the flow near the air-water interface is subjected to extensive disturbances that prevent any inertial subrange to be resolved. Also, the temporal sampling (i.e. 30 Hz) is too coarse to delineate a possible restricted inertial subrange followed by viscous Fig. 3 . Spectra and co-spectra for the no vegetation scenario as a function of frequency f computed from the raw time series. Panels (a), (d) and (g) represent the horizontally averaged spectral energy density for u (Suðf Þ) and for three different z=h -top, middle, and bottom, respectively. Similarly, panels (b), (e) and (h) represent the spectral energy density for w (Swðf Þ) at the same three z=h and panels (c), (f) and (i) represent the co-spectra (Suwðf Þ) for the same three depths z=h. In every panel, the spectra and co-spectra are plotted for all three h cases -H1 (deep -in black), H2 (intermediate -in blue) and H3 (shallow -in red) for the highest Ua (i.e. W3). The À5/3 power-law is also plotted in a black dotted line in panels representing Suðf Þ and Swðf Þ spectra to locate signatures of inertial subrange turbulence. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) dissipation range at high frequencies. This is analogous to spectra of turbulence near solid boundaries where the velocity spectra commonly lack extensive inertial subrange scales in the roughness (or buffer) regions. For the deep flow cases (i.e. H1W3), after turbulence is generated at the water-air interface, eddies get the allowance (higher h) to populate the full range of scales analogous to many shear flows when h becomes sufficiently large. In sum, the spectra appear to share some analogies with other shear flows (e.g. an inverted boundary layer) in terms of expectations as to the onset of an inertial subrange, where the generation mechanism occurs at the air-water surface, and with sufficient distance from the air-water surface (i.e. decreasing z=h), an inertial subrange forms provided h is sufficiently large. There exists a peak in the S w ð f Þ close to 4 Hz, which is the dominant wave frequency, indicating the effects of the waves to be significant but only for the deepest h (i.e. H1W3) thereby illustrating the role of h at a given z=h. Interestingly, the wave effects are captured most significantly at the middle z=h. The fact that the vertical velocity spectra also capture the same wave effects demonstrates the existence of vertical wavy structures. A plausible explanation might be that the rolling motions (or orbitals) from the passage of the traveling waves move downwards from the air-water interface before being damped by the presence of turbulence close to the bottom. For the intermediate and shallow h cases, the orbitals might also be appreciably distorted by the presence of strong turbulence as previously discussed. The fact that the wave amplitude appears to be most visible in the middle layers (of H1W3) differs appreciably from experiments conducted by wave-makers, where the wave generation frequency is significant at all depths. For the flexible dense scenario (in Fig. 4) , all three h cases of deep, intermediate and shallow closely follow the À5/3 power law behavior-indicating the possible presence of fine-scaled turbulence characterized by approximate inertial subrange scaling at all three z=h. This pattern is displayed by both S u ð f ; zÞ and S w ð f ; zÞ. This observation is significant, indicating that the presence of flexible vegetation introduces new length scales by means of vegetative drag that then leads to fine-scaled turbulence. There also exists a peak in the spectra close to the 4 Hz wave frequency. However, contrary to the no vegetation scenario, the wave peaks are much more 'diffused' around the 4 Hz frequency and they can be observed at all z=h and for all three h cases -deep, intermediate and shallow. The impact of surface waviness is much enhanced due to a weakened turbulence by vegetative drag. Whether or not new frequency peaks are introduced due to the waviness of the vegetation can be another interesting issue. The co-spectra appear noisy in all cases for both no vegetation and flexible dense scenario (despite planar averaging). However, there is an indication of co-spectral activity (positive and negative) close to 4 Hz for the flexible dense scenarios, though the activity seems to average out in the range of 2-5 Hz (meaning no significant net momentum transfer due to the wave component).
As observed from this spectral analysis of the instantaneous velocity time series, wave and turbulence appear to be intertwined in a complex fashion even when the spectra are horizontally averaged. The noise content of the data appear high (and contaminates the co-spectra significantly). Hence, it becomes necessary to reduce the spectral signatures of the noise first. After cleaning the individual series from noise, it might be possible to separate out the wave and turbulence and discuss their bulk properties since there is a signature of a higher spectral energy density close to the dominant wave frequency.
Separating signal from noise in Fourier domain
To proceed with the exercise of separating the u and w time series into 'signal' and 'noise' -a Lorenz curve type analysis is performed. This curve was first proposed by the economist Lorenz in 1905 to quantify whether the imbalance in wealth distribution based on taxable income is increasing or decreasing in time [101] . Since its inception, this curve has been extended to measure imbalances in energy distribution of any time series and in an arbitrary domain (e.g. time, Fourier, or wavelet) as discussed elsewhere [101] [102] [103] . The basis of this approach is that the highly energetic events are clustered into few frequencies and once the frequency modes are sorted on their energetic basis, the high energy modes can be collected and translated back into the time domain to obtain the 'cleaned' signal. The rest of the frequencies corresponding to the lower energetic modes can be translated back to time domain to re-construct the noise time series thereby allowing a determination of the signal-to-noise ratio (SNR). To proceed with this approach, a 'cutoff' energy threshold needs to be established above which the energy would correspond to 'signal' and below which the energy would correspond to 'noise'. The theoretical basis for this threshold, which is based on the maximum curvature in the Lorenz curve, is discussed in Appendix A. Another important assumption in this approach is that the noise modifies the spectral energy content of a series but not the phase-angle (i.e. surrogate to time location of coherent energetic events). Constructing a Lorenz curve on the Fourier coefficients aids in establishing this threshold as has been discussed elsewhere [102] [103] [104] . Further details about this filtering method can be found in the Appendix A. Only sample results of the outcome of the analysis are shown in Fig. 5 , where the original u time series, the Lorenz-cleaned and the noise series are displayed. The 'signal' and the 'noise', when summed reconstruct the original series (by definition) and is confirmed here by the zero residual between the reconstructed series and the original noise-infected time series.
To lend confidence in the aforesaid analysis, linear averaged (over all realizations at a particular height) spectral energy densities of the 'signal' and 'noise' should be constructed. The noise, if un-correlated or 'white', exhibits a flat spectrum that is most evident at high frequencies. Fig. 6 shows spectra for the signal and the noise for the flexible dense scenario for all three different h cases-deep (H1), intermediate (H2) and shallow (H3). Panels (a)-(b), (e)-(f) and (i)-(j) show the spectral energy density for signal and noise respectively for the u at three different z=h levelstop, middle and bottom. Panels (c)-(d), (g)-(h) and (k)-(l) show the spectral energy density for signal and noise respectively for the vertical velocity for the same experimental configuration and locations. As observed, the spectra for noise are commonly flat at all levels of the flow for both the u (panels (b), (f) and (j)) and w components (panels (d), (h) and (l)). This imparts some confidence to the filtering performed on the original time series given that the spectra of the noise were not previously assumed. On the other hand, signatures of À5/3 scaling behavior can be observed in the 'cleaned' signal both for the u (panels (a), (e) and (i)) and w (panels (c), (g) and (k)) spectra at all z=h considered. With this separation between signal and noise, the SNR for different experimental runs can be estimated based on the lorenz-cleaned signal and noise variances. As per calculations, the SNR is about 3-4, which is moderate but expected for PIV data in such a setting. The coefficient of determination (R 2 ) between the signal and the noise components for all the experimental runs was also conducted suggesting that signal and noise are reasonably uncorrelated or weakly correlated. Interestingly, the R 2 values between the signal and noise are least for the deepest flow (H1) cases (0-0.15), increasing slightly with the shallower cases, i.e., 0-0.18 for the intermediate cases (H2) and 0-0.30 for the most shallow (H3) cases.
Separating wave from turbulence in de-noised signals
The waves, now visible in the de-noised series as peaks around the dominant wave frequency of 4 Hz in Fig. 6 , have been determined from separate measurements. Instead of appearing as a spike at 4 Hz, the peak in the de-noised series is partially diffused towards lower frequencies. Hence, a frequency bandwidth of 2-5 Hz can be selected and it can be assumed that any activity (or energy) within this bandwidth is wave induced. The rest of the series contains turbulent effects. Any other effect from the movement of vegetation might be included via another frequency window. If it is outside a clear window width, it might show up in the turbulent spectra because by then the wave energy has already been transferred to turbulent kinetic energy. To achieve this filtering, spectral energy of a series is first computed from the Fourier components and the part of the series contained in the specified frequency window. The spectral energy between the extremities of the frequency window is then linearly interpolated. Any peak ). The series in red color represents the signal (the high energy component) and the series in black color represents the noise. The signal and the noise, when summed reconstruct the original series, indicated by a zero residual from the raw time series and is plotted in green color. Also it is noted that the coefficient of determination between the signal and the noise is almost zeroindicating they are completely uncorrelated. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) above the interpolated energy is considered part of the wave component. The rest of the series is considered turbulent. Translating back the wave and turbulent components to time domain yields the now separated turbulent and wave series. The filtering approach is explained in Appendix B. Fig. 7 shows ensemble averaged wave and turbulent spectra computed from the wave and turbulent series after they are separated from each other using the frequency filtering approach for the flexible dense scenario. Every panel displays the spectral energy density for three depth cases, deep (H1) in black, intermediate (H2) in blue and shallow (H3) in red. Panels (a) and (b) show the wave and turbulence spectra respectively for the horizontal velocity and panels (c) and (d) show the wave and turbulence spectra for the vertical velocity for the top level of the flow depth for each cases. Panels (e) and (f) show the wave and turbulence spectra respectively for the horizontal velocity and panels (g) and (h) show the wave and turbulence spectra for the vertical velocity for the intermediate level of the flow depth for each cases. Similarly, panels (i) and (j) show the wave and turbulence spectra respectively for the horizontal velocity and panels (k) and (l) show the wave and turbulence spectra for the vertical velocity for the bottom level of the flow depth for each cases. Fig. 8 represents the wave and turbulent spectra but for the no vegetation scenario. Similar figures for the flexible sparse scenario, rigid dense and rigid sparse scenarios were derived but are not shown for brevity. Key observations from these figures for the wave and turbulence are as follows: For the no vegetation scenario, the spectrum of wave always display a peak around 4 Hz as earlier noted. The peak is not a sharp one but is rather diffused towards lower frequencies. The wave spectra follows some scaling above 5 Hz (the top extremity of the frequency filtering window), but not below 2 Hz (the low end of the filtering window). This indicates that the wave component does not influence high frequency motion associated with fine-scaled turbulent eddies. However, the larger eddies comparable to the wave orbitals in size distort the wave motion and diffuse the wave energy towards lower frequency. Any other low frequency motion below 2 Hz display a noise-like flat spectrum. This phenomenon is true for all three z=h, for all three h cases and for both u and w. Similar behavior is exhibited by the flexible dense scenario. Hence, the fate of the wave motion due to interaction between wave and turbulence appears similar irrespective of presence of vegetation. However, they might vary in the energy content of the dominant wave modes.
The behavior of the turbulent motion varies from scenario to scenario as expected. In the no vegetation scenario, the turbulence close to the air-water interface is governed by detached eddies. This is indicated by a flat spectrum at the lower frequencies and a spectrum close to a À1 power law (the signature of which is often attributed to detached eddies or eddies much larger than the measurement height in classical boundary layers) at the higher frequencies for all three h cases [105] [106] [107] [108] [109] [110] . However, for z=h < 0:5, the deep and intermediate h cases (H1 and H2) become inertial, displaying a À5/3 scaling. The shallow h case (H3) does not display such an inertial behavior. This can possibly be explained by the fact that for the shallow h cases, turbulent eddies get distorted by the wave orbitals throughout all z=h -whereas for the deep and intermediate h cases, the wave orbitals do not directly distort the turbulent eddies for the deeper layers z=h < 0:5. Also, the behavior of the w spectrum is similar to the u spectrum. For the flexible dense vegetation, the turbulence is much more structured -meaning here that power-laws are evident over a broad range of time scales in the spectral domain. Even close to the surface, all three different h cases display À5/3 power law spectra apart from the middle and bottom z=h. This is due to the possibility that the vegetative drag produces fine-scaled turbulence following wake-production. 
Panels (c)-(d), (g)-(h) and (k)-(l)
show the spectral energy density for the signal and noise respectively for w at the same three z=h. As observed, the spectra for noise is almost flat (shown by cyan dashed line) at all levels of the flow for both u (panels (b), (f) and (j)) and w (panels (d), (h) and (l)). ) show the wave and turbulence spectra respectively for x ¼ u and panels (c) and (d) show the wave and turbulence spectra for x ¼ w for the three h cases and the top z=h. Panels (e) and (f) show the wave and turbulence spectra respectively for x ¼ u and panels (g) and (h) show the wave and turbulence spectra for x ¼ w for the intermediate z=h. Similarly, panels (i) and (j) show the wave and turbulence spectra respectively for x ¼ u and panels (k) and (l) show the wave and turbulence spectra for w for the bottom z=h for all three h cases. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 8 . Same as Fig. 7 but for the no vegetation scenario.
There exist diffused peaks at low frequencies superimposed on the turbulent spectra. These peaks arise from the oscillation of the flexible vegetation by wind. For the flexible sparse vegetation, the turbulent spectra is less organized than the flexible dense vegetation. The spectra close to the surface do not display a À5/3 scaling, but rather one close to a À1 scaling for all three height cases. Close to the middle and bottom z=h, the spectra follows À5/3 scaling closely. It is also important to note that the shallow h case (i.e. H3) appears more structured than its counterpart for the no vegetation scenario. This indicates the importance of vegetative drag in the generation of fine-scaled turbulence component. For the rigid dense vegetation, the wave spectra contains more energy for the shallow h cases. The intermediate and bottom z=h display À5/3 scaling-again indicating of the positive effect of vegetative drag on possible generation of fine-scaled turbulence. However, there are no additional peaks on the turbulent spectrareflecting the effect of rigid vegetation-with almost no oscillation with the wind. The rigid sparse vegetation scenario does not differ much from the rigid dense scenario, but shows more structure (i.e. spectral power-laws) than the no vegetation counterpart.
Results and discussion
Following the analysis of the high frequency u and w time series, their de-noising, and their separation into wave and turbulence, the two study objectives can now be addressed using all the 9 HiWj combinations for each of the 5 vegetation configurations. In particular, the effects of the 5 vegetation configurations on the space-time averaged mean flow, turbulence and wave energetics, momentum transport, and isotropy are presented and discussed. As the u and w series have already been de-noised using the Lorenz filtering approach previously discussed, and the signal component has been decomposed into wave and turbulence using spectral filtering analysis, standard Reynolds averaging can be attempted. Moreover, wave and turbulent components of intensity and stress can be separately computed. Analyzing the original signal is retained in the context of mean velocities as the series become automatically de-meaned during extraction of wave and turbulent components. With flexible dense vegetation and with increasing U a , the reverse flow diminishes and at the highest U a , the whole flow becomes windward in direction. For intermediate flow (H2 cases), the flow dynamics become richer. With no vegetation, the flow remains windward at the top and reverse at the bottom, the inflection point about z=h ¼ 0:5 at all U a as the H1 cases. With rigid sparse vegetation and with increasing U a , the reverse flow diminishes and at highest U a , the whole flow becomes windward as in the H1 cases. With rigid dense vegetation, the flow is strongly forward at all U a . With flexible sparse vegetation, oscillatory and almost stationary flow is observed in the upper layers (z=h > 0:7) and uniform forward flow is noticed at the bottom. With flexible dense vegetation, the whole flow is forward at all U a as before. For shallow flow (H3 cases), the whole flow is windward or forward at all U a in all scenarios.
Mean horizontal velocity
As observed, the presence of reversed flow is an important feature in wind shear induced turbulent flow. The existence of countercurrent flow in the bottom layers has been observed by other studies as earlier discussed in the Introduction section [48, 58] . However, the effect of U a ; h and vegetative drag or flexibility renders the dynamics more interesting. Irrespective of the presence of vegetation, as the flow becomes shallow (i.e. H3), the flow appears forward in the direction of U a . In deep flow (i.e. H1), a high drag and flexible vegetation resists the counter-current movement at the bottom regions and makes the whole flow forward. At intermediate flow depth (i.e. H2), a similar effect of vegetation density is present as in the deep case, with the difference that the whole flow can become forward with a higher U a . Fig. 10 The switching from one type of flow to another is thus visible at all 9 different combinations of h and U a . It is interesting to note that the regions and extent of switching are different in every vegetation configuration, thus delineating the effect of vegetation flexibility and density in a clearer fashion on the onset of reversed flow. It is worth remembering here that the countercurrent flow and the fully forward flow are both manifestations of local dynamics in the field of view of the PIV. The counter-current flow is caused due to raising the water surface downstream and lowering the water surface upstream by the wind generated waves (which is called wind set-up) [48] . In these cases, the effect of the interface boundary condition penetrates the water surface to a certain depth, below which the water flows in the reverse direction to maintain continuity in a vertical plane. While it is true that the experiments were conducted in standing water, it is important to attribute the counter-current flow at the bottom and fully forward flow to local effects within the window imaged by the PIV -rather than a consequence of a closed channel (i.e. global). Mathematically, the integrated continuity equation across any vertical section must be zero in the PIV imaged section for both countercurrent and fully forward flow. That is, integrating h the data), the depth integrated hdU=dxi term is zero, which implies that while the horizontal velocity might not be zero locally, its longitudinal gradient could be ensuring that continuity is satisfied within the imaged section. This assumption cannot be true everywhere locally -for example h R h 0 @U=@xdzi at the boundary upstream of the channel is positive and the h R h 0 @U=@xdzi at the downstream end is negative due to the bound nature of the flow. Hence, the cases where the whole flow moves forward is a result of the effect of a strong boundary condition at the air-water interface penetrating the whole flow depth, so the question of reverse gradient to maintain continuity does not arise in the PIV field of view. Vegetative drag also influences this dynamics. It is also to be noted that the existence of reflected reverse flow generated at the closed boundaries in the close channel does not modify the results since the length and time scale of the observed dynamics are much smaller and well separated from the reflected flow. However, whether the manifestation of reflected flow is observed in cross stream flow cannot be delineated from the two dimensional images and will be investigated in future campaigns.
Momentum fluxes
The effects of turbulence and wave on momentum flux are computed from the turbulent and the wave time-series, separately. For reference, the momentum flux obtained from the raw PIV measurements are also shown and discussed. Fig. 11 presents the horizontally averaged turbulent stress (u 0 w 0 ) profiles using the original series (i.e. includes wave and turbulence). As is the case for the mean flow analysis, every panel presents the stress for all five scenarios -no vegetation, rigid sparse, rigid dense, flexible sparse and flexible dense. Panels Figs. 12 and 13 represent the stresses computed separately from the turbulent and wave series. As observed from Fig. 11 , the total stress (wave and turbulence) is small at the surface (z=h ¼ 1), increasing gradually with decreasing z=h, but then diminishing again near the bottom (z=h ¼ 0). The shape of these non-monotonic stress profiles provide a window to the mechanism of momentum transfer inside the water body. Momentum is transferred downward from the surface while being attenuated inside the water body, resulting in a small bottom stress. In the presence of vegetation, this attenuation is rather severe, resulting in the fact the Reynolds stress in the no vegetation scenario is significantly larger than the other scenarios with vegetation. In some cases, there exists positive values of total stress close to the bed. The figures clearly suggest that turbulent stress is larger than the wave stress by an order of magnitude. Also, the wave stress is generally larger at the surface, diminishing steadily inside the water body with decreasing z=h, while the turbulent stress is largest in the middle of the flow (z=h ¼ 0:5). This implies that the wave component of momentum is injected at the surface originating from the impinging effect of the wave orbitals. The turbulent component of the momentum, on the other hand, is maximum inside the water body, probably generated from the Kelvin-Helmholtz instability that produces rolling motions inside the water body roughly collocated with the inflection points in the mean velocity profile. Wakes generated in the inter-vegetation spaces contribute to momentum transfer; however, the measurements being two dimensional, these structures cannot be resolved in this experiment and require three dimensional stereo-PIV measurements.
Turbulent and wave intensity
Apart from the momentum transfer, the origin and transfer mechanism of the turbulent and wave energies are now discussed. Since the wave and turbulent series are already separated, it is For most of the cases, r u;T is maximum at z=h ¼ 1 and it reduces almost monotonically with decreasing z=h.
For the deep h case (H1), r u;T is maximum for the rigid sparse scenario, followed by the rigid dense scenario, the no vegetation scenario, the flexible sparse scenario and the flexible dense The wave intensity (r u;W ) shows consistent profiles for all the scenarios suggestive of a possible similarity solution to its behavior in terms of z=h. However, the wave intensity is generally less than the turbulent intensity. Another important distinction is that for the deepest h case (H1), the wave intensity is maximum slightly below the water surface, and it tends to decrease towards the air water interface (z=h ¼ 1). The turbulent intensity is generally greater than the wave intensity (about twice), except in the highest U a (i.e. W3) and for the deep h (H1) cases. For the deep (H1) and intermediate (H2) h cases, the turbulent intensity is much higher comparative to the wave intensity close to the bottom and not so much close to the top. On the other hand, for the shallowest case (H3), the relative importance of the turbulent and wave intensities are roughly consistent across z=h. This indicates that for the deep and intermediate h cases, the turbulence effects penetrate much more in z=h than the concomitant wave effects. However, for the shallow case, both the turbulence and wave effects penetrate the entire z=h domain although the turbulent intensities remain higher than their wave counterpart.
Isotropy
The discussion on turbulent energetics invites the followup question regarding the isotropic (or lack of) nature in such a complex flow. To examine isotropic behavior in bulk flow statistics, Fig. 15 shows a one to one comparison between the rootmean-squared (rms) component of the horizontal (r u ) and vertical velocity (r w ) horizontally averaged series. Panel (a) uses the raw velocity directly obtained from PIV analysis in the comparisons. Panel (b) uses the series after filtering out the noise, and panel (c) uses the separated turbulent from wave series and panel (d) uses the separated wave series. In all cases, the majority of the experimental runs show a near one to one behavior -indicating quasi-isotropic turbulent characteristics. This finding is relevant to operational models of turbulent dispersion noted in the introduction section, which require computation of turbulent diffusivity across different directions. For example, the horizontal and vertical turbulent diffusivity may be formulated as K x ðzÞ $ r u ðzÞ 2 sðzÞ and K z ðzÞ $ r w ðzÞ 2 sðzÞ, where sðzÞ is a relaxation time scale of the flow determined from the turbulent kinetic energy and its mean dissipation rate. Quasi-isotropic turbulent rms implies that K x ðzÞ ¼ K z ðzÞ, which is a practical simplification when modeling turbulence in such a complex configuration.
Summary and conclusions
The wind induced wave-turbulence interaction in the presence of rigid and flexible vegetation for different water heights (deep, intermediate and shallow) and different wind speeds (slow, medium and fast, although not varying widely) under five different scenarios-no vegetation, rigid sparse vegetation, rigid dense vegetation, flexible sparse vegetation and flexible dense vegetation was explored. Particle Imaging Velocimetry (PIV) experiments have been conducted and spectral analysis have been performed on the measured velocity time series to separate wave and turbulence effects on energy and momentum transfer under the aforementioned conditions. A Lorenz curve analysis has been performed on the raw velocity data to identify and filter out the noise. Surface wave characteristics are measured separately to identify the dominant wave frequency where it exists. The de-noised velocity component series are then analyzed in the frequency domain to identify wave activities around the dominant wave frequency to separate out the wave and turbulent components of the signal. The no-vegetation scenario is found to be analogous to an inverted boundary layer flow where turbulence is generated in the airwater interface region and an inertial sub-range can be found deeper into the flow provided the flow depth is sufficiently high. On the other hand, the wave effects originate from the impinging motion of the rolling orbitals that move downward, resulting in higher activity close to the air-water interface before getting damped by the turbulent effects deeper inside the flow. Presence of flexible dense vegetation enhances the generation of fine scaled inertial turbulence by introducing new length scales via vegetative drag. The oscillation of the vegetation also diffuses the wave activity beyond the dominant wave frequency range. Another important feature of the coupled wind-wave-turbulent flow problem is the existence of counter-current mean flow in case of large flow depth. However, the flow can switch to a fully-forward one when reducing flow depth, or with increasing vegetative drag or flexibility under higher wind speeds. After a critical shallow flow depth, the mean flow is always in the direction of the wind flow. In terms of momentum transfer, significant difference is found to exist between the wave component of momentum flux and the turbulent component of momentum flux. The wave momentum flux is injected from the surface and attenuated monotonically deeper inside the flow, while its turbulent counterpart is maximum at the middle of the flow depth and highly attenuated close to the bed in the presence of vegetation. In terms of intensity, the wave intensity is generally less than the turbulent intensity although the turbulent intensity penetrates deeper than wave intensity inside the water for deeper flows. In shallow flows, both components coexist throughout the depth. It is also important to note that the vertical velocity components tend to exhibit similar energetics and momentum transfer mechanisms, indicating a quasiisotropic nature. Future efforts will attempt capturing such a complex interaction by constructing numerical models of increasing detail and further experimentation involving turbulence measurements in air and across the water flow.
